Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract infections in infants, and an effective vaccine is not yet available. We previously generated an RSV live-attenuated vaccine (LAV) candidate, DB1, which was attenuated by a low-fusion subgroup B F protein (BAF) and codon-deoptimized nonstructural protein genes. DB1 was immunogenic and protective in cotton rats but lacked thermostability and stability of the prefusion conformation of F compared to strains with the line19F gene. We hypothesized that substitution of unique residues from the thermostable A2-line19F strain could thermostabilize DB1 and boost its immunogenicity. We therefore substituted 4 unique line19F residues into the BAF protein of DB1 by site-directed mutagenesis and rescued the recombinant virus, DB1-QUAD. Compared to DB1, DB1-QUAD had improved thermostability at 4°C and higher levels of prefusion F as measured by enzyme-linked immunosorbent assays (ELISAs). DB1-QUAD was attenuated in normal human bronchial epithelial cells, in BALB/c mice, and in cotton rats but grew to wild-type titers in Vero cells. In mice, DB1-QUAD was highly immunogenic and generated significantly higher neutralizing antibody titers to a panel of RSV A and B strains than did DB1. DB1-QUAD was also efficacious against wild-type RSV challenge in mice and cotton rats. Thus, substitution of unique line19F residues into RSV LAV DB1 enhanced vaccine thermostability, incorporation of prefusion F, and immunogenicity and generated a promising vaccine candidate that merits further investigation. IMPORTANCE We boosted the thermostability and immunogenicity of an RSV liveattenuated vaccine candidate by substituting 4 unique residues from the RSV line19F protein into the F protein of the heterologous vaccine strain DB1. The resultant vaccine candidate, DB1-QUAD, was thermostable, attenuated in vivo, highly immunogenic, and protective against RSV challenge in mice and cotton rats.
mended only for certain high-risk groups (14) . Thus, a safe and effective RSV vaccine remains a high public health priority and need.
However, the history of RSV vaccine development has been marred by the initial attempt to administer a formalin-inactivated virus to infants and young children in the 1960s. Not only did this vaccine fail to protect infants from subsequent RSV infection, but it also tragically primed seronegative vaccine recipients for enhanced RSV disease upon natural infection. A high proportion of vaccinated children required hospitalization, and 2 infants died from complications of RSV (15) . This phenomenon of enhanced disease has since been replicated in animal models (16, 17) and has been attributed to altered immunologic priming with subsequent generation of poorly neutralizing antibodies (18) , immune complex deposition (19) , and a Th2-biased cellular immune response (20) . The same phenomenon has been observed after administration of some other protein-based nonreplicating vaccines (21) , which has precluded their use in seronegative infants to date. In contrast, enhanced disease has not been observed following administration of live-attenuated vaccines (LAVs) (22) . Thus, from a safety and regulatory standpoint, LAVs represent a more acceptable strategy for the vaccination of the target population of seronegative infants.
RSV live-attenuated vaccines have several advantages, including the potential needle-free intranasal (i.n.) administration of a vaccine virus that broadly stimulates humoral and cellular immunity, in addition to mucosal immunity (23) . However, LAVs present their own challenges, including the potential lack of genetic and thermal stability. Perhaps the greatest challenge in the development of an RSV LAV has been to achieve an effective balance of vaccine attenuation and immunogenicity. Traditional approaches to cold adaptation have generated highly attenuated viruses, many of which have lacked sufficient immunogenicity (24) . Conversely, more recent reverse genetics approaches have generated immunogenic vaccine strains that have been insufficiently attenuated in clinical trials (25) . Thus, there is a need to boost the intrinsic immunogenicity of RSV without compromising attenuation in vivo.
We previously described a vaccine strain, DB1, with the genotype RSV-A2-dNS-ΔSH-BAF. DB1 was attenuated by codon deoptimization of nonstructural protein (NS1 and NS2) genes, deletion of the short hydrophobic protein (SH) gene, and incorporation of a low-fusion F protein (BAF) consensus sequence gene from the Buenos Aires clade (26) . We demonstrated that DB1 was attenuated in cotton rats (Sigmodon hispidus) and in primary human airway cells differentiated at the air-liquid interface (ALI) but maintained immunogenicity and efficacy in cotton rats. However, we subsequently found that DB1 also lacked thermostability and expressed relatively small amounts of the key RSV antigen, prefusion F (27) . We identified a chimeric RSV strain, A2-line19F, with high thermostability, pre-F expression, and immunogenicity compared to its parental strain, A2 (27) . Substitution of 2 unique line19F residues into the BAF protein of DB1 partially restored DB1 thermostability to A2-line19F levels (27) . We therefore hypothesized that substitution of additional line19F residues into DB1 could confer enhanced thermostability, pre-F expression, and immunogenicity.
In this study, we substituted 4 unique line19F residues into the BAF of DB1 by sequential site-directed mutagenesis to generate the vaccine strain DB1-QUAD. We subsequently measured DB1-QUAD thermostability at 4°C and incorporation of prefusion F by MPE-8 and motavizumab enzyme-linked immunosorbent assays (ELISAs). We then analyzed DB1-QUAD attenuation, immunogenicity, and efficacy at protecting against RSV challenge in both BALB/c mice and cotton rats.
RESULTS
Design of RSV live-attenuated vaccine DB1-QUAD. We previously described the generation of an RSV LAV candidate, DB1, with the genotype RSV-A2-dNS-ΔSH-BAF (26) and demonstrated that the vaccine expressed the intact viral repertoire of genetically modified proteins. The rationale for DB1's design was to combine two attenuating genetic modifications known to preserve immunogenicity (dNS and ΔSH) with a low-fusion F protein (BAF) to further attenuate the vaccine candidate. We showed that DB1 was attenuated in primary human epithelial cells and in cotton rats yet was broadly immunogenic and protective against RSV challenge. However, we subsequently found that DB1 lacked thermostability and incorporation of prefusion F, a key RSV immunogen (27) . Substitution of 2 unique residues (K for T at amino acid 357 [K357T] and N371Y) from the thermostable A2-line19F strain into the BAF protein of DB1 partially recapitulated the thermostability phenotype. In this study, therefore, we hypothesized that substitution of additional line19F residues could fully thermostabilize DB1 to A2-line19F levels and further boost its immunogenicity by stabilizing prefusion F. We thus substituted 4 unique line19F residues, I79M, K191R, T357K, and N371Y, into the BAF protein by sequential site-directed mutagenesis in the pcDNA3.1 ϩ vector. We cloned the modified BAF gene, BAF-I79M/K191R/T357K/N371Y, into the antigenomic bacterial artificial chromosome (BAC) pSynk-DB1 and rescued the recombinant virus denoted DB1-QUAD ( Fig. 1 ).
Viral growth kinetics of DB1-QUAD in immortalized and primary cell cultures. We measured DB1-QUAD growth kinetics in both immortalized cell lines and primary normal human bronchial epithelial (NHBE) cells differentiated at the ALI. In Vero cells, a cell line approved for vaccine production, we found that DB1-QUAD grew to titers similar to those of DB1 and A2-line19F ( Fig. 2A ). We hypothesized that this was attributable to the interferon deficiency of Vero cells, which limited the attenuating effects of codon-deoptimized nonstructural protein genes. In BEAS-2B cells, a human bronchial epithelial cell line, DB1-QUAD again grew to titers similar to those of DB1 and A2-line19F; however, the titers were statistically significantly lower at 96 h postinfection (p.i.) ( Fig. 2B ). Finally, we measured DB1-QUAD growth kinetics in NHBE cells at the ALI, a primary cell culture system that closely approximates viral attenuation in RSVseronegative infants (28) . Compared to A2, both DB1 and DB1-QUAD were significantly attenuated in NHBE ALI cells on days 4 and 5 p.i. (Fig. 2C ), which was likely attributable to both the codon-deoptimized nonstructural protein genes and the poorly fusogenic F protein.
DB1-QUAD thermostability, incorporation of prefusion F, and F fusion activity. We next measured DB1-QUAD thermostability by incubating viral stocks at 4°C and measuring the decline in viral titers on days 0 through 28 of incubation. This temperature was chosen due to its relevance for cold-chain production and vaccine storage and distribution. Whereas A2 and DB1 titers declined precipitously and became undetectable after 5 days at 4°C, A2-line19F and DB1-QUAD (containing the 4 unique line19F residues) titers remained detectable after 28 days ( Fig. 3A ). DB1-QUAD decreased by only 1.38 log 10 focus-forming units (FFU)/ml over this time course. Thus, substitution of line19F residues into DB1 to generate DB1-QUAD conferred enhanced thermostability at 4°C.
We then measured the incorporation of the prefusion conformation of the F protein into DB1-QUAD compared to DB1 and A2-line19F. Prefusion F is the predominant immunogen of RSV, and the majority of neutralizing antibodies generated during human infection are directed against the antigen (29) . To quantify the relative amounts of pre-and postfusion F incorporation, we performed ELISAs on viral stocks using either MPE-8 (pre-F-specific) or motavizumab (pre-and post-F-specific) primary antibodies, as previously described (27) . We found that substitution of the line19F residues into DB1 to generate DB1-QUAD significantly increased the relative proportion of pre-F to total F expression ( Fig. 3B ). We then measured the fusion activity of the modified BAF-I79M/K191R/T357K/ N371Y protein compared to those of BAF and line19F to determine if substitution of the line19F residues altered the fusion activity of the glycoprotein. To do this, we obtained codon-optimized sequences of BAF-I79M/K191R/T357K/N371Y, BAF, and line19F and cloned them into pcDNA3.1 ϩ expression vectors. We then transfected these expression vectors into 293T cells and performed dual-split-protein (DSP) cell-to-cell fusion activity assays, as previously described (26, 30) . We found that substitution of the line19F residues into BAF did not significantly affect fusion activity ( Fig. 3C) . As a quality control, we also measured F surface expression of transfected cells using flow cytometry and confirmed that expression levels did not differ significantly for the respective F proteins (data not shown).
DB1-QUAD attenuation, efficacy, immunogenicity, and pulmonary cytokines in BALB/c mice. To measure vaccine attenuation in vivo, we then infected groups of 5 and BEAS-2B (B) cells were infected with mKate2-labeled A2-line19F, DB1, and DB1-QUAD at an MOI of 0.01. Cells were collected at the indicated time points and titrated by FFU assay. The data represent the means Ϯ SEM of two or three experimental replicates titrated in duplicate. (C) NHBE cells from a single donor were infected at an MOI of 2 and titrated by FFU assay. The data represent the means Ϯ SEM of two experimental replicates titrated in duplicate. *, P Ͻ 0.05; **, P Ͻ 0.005; ****, P Ͻ 0.00005; N.S., not significant by two-way ANOVA and Tukey's multiple-comparison test. LOD, limit of detection. BALB/c mice i.n. with 10 6 FFU of monomeric Katushka (mKate2)-labeled A2-line19F, DB1-QUAD, and DB1. We harvested the mouse left lungs on days 2, 4, 6, and 8 p.i. and measured lung viral titers. We found that DB1-QUAD was significantly attenuated on days 4 and 6 p.i. compared to A2-line19F ( Fig. 4A ), whereas DB1 was completely undetectable. Thus, substitution of line19F residues into DB1 was moderately deattenuating in the BALB/c mouse lung model. We then measured vaccine efficacy by again infecting groups of 5 mice intranasally with 10 6 FFU of mKate2-labeled A2-line19F, DB1-QUAD, DB1, or minimum essential medium (MEM) (mock infection). We collected sera on days 0, 28, 56, and 100 p.i. and challenged the mice with 10 6 PFU of RSV subgroup A clinical strain 12-35 on day 96 p.i. On day 100 p.i., the mice were sacrificed and the left lungs were harvested, homogenized, and titrated by standard immunoplaque assay. The results showed that DB1-QUAD completely protected the mice against wild-type RSV challenge ( Fig. 4B) . Similarly, DB1 completely protected the mice against wild-type challenge despite undetectable lung viral loads, as was previously described, likely due to boosted intrinsic immunogenicity attributable to the incorporated genetic modifications (26) .
We then measured DB1-QUAD immunogenicity in mice by performing microneutralization assays against a panel of mKate2-labeled chimeric RSV strains using pooled serum specimens collected on days 0, 28, 56, and 100 p.i. The generation of this panel Thermostability was analyzed at 4°C by serially titrating vials of mKate2-labeled A2, A2-line19F, DB1, and DB1-QUAD at time points ranging from 0 to 28 days. The data represent means and SD of log-transformed titers of four experimental replicates for time points 0 to 14 days and two replicates for time points 21 to 28 days, all titrated in duplicate. The asterisks denote statistical differences between A2 and A2-line19F and between DB1 and DB1-QUAD at the respective time points. There were no statistical differences between A2-line19F and DB1-QUAD titers. (B) The ratio of prefusion F to total F protein expression was measured using MPE-8 (pre-F) and motavizumab (total F) ELISAs. The data represent means and SD of at least three experimental replicates for each virus. (C) The fusion activities of line19F, BAF, and BAF-79-191-357-371 were measured using a DSP assay. 293T cells were transfected with F expression plasmids in the presence of BMS-433771 fusion inhibitor, and cell-cell fusion activity was quantified by luciferase activity at time points 0, 2, 4, 6, and 8 h post-cell mixing. Three experimental replicates were performed, and representative data from one experiment are shown. **, P Ͻ 0.005; ***, P Ͻ 0.0005; ****, P Ͻ 0.00005 by two-way ANOVA and Tukey's multiple-comparison test (A) or by Student's t test (B). was previously described; it consists of chimeric RSV strains with mKate2 in the first gene position and clinical F and G genes within an A2 backbone (26) . We found that DB1-QUAD generated significantly higher neutralizing antibody (nAb) titers than DB1 or A2-line19F against all 7 panel strains on day 100 p.i. (Fig. 5 ). Thus, incorporation of line19F residues into DB1 significantly boosted its immunogenicity in BALB/c mice.
We subsequently analyzed pulmonary cytokines generated by DB1-QUAD in mouse lung homogenates postvaccination and post-RSV 12-35 challenge ( Fig. 6 ). Compared to A2-line19F, DB1-QUAD generated an overall higher Th1-type and proinflammatory response in mouse lungs, with significant differences noted on day 6 p.i. for cytokines MIG, IP-10 (Th1 type), MIP-1␣, interleukin 1␣ (IL-1␣), and IL-1␤ (proinflammatory). In contrast, Th2-type cytokines, which are associated with enhanced mucus production and airway hyperreactivity, were not increased in DB1-QUAD-vaccinated mice compared to A2-line19F-vaccinated mice. These results suggest that DB1-QUAD generated a more robust, Th1-biased antiviral immune response than A2-line19F.
Following RSV 12-35 challenge on day 96 p.i., both A2-line19F-and DB1-QUADvaccinated mice demonstrated significantly higher levels of lung cytokines on day 4 postchallenge than unvaccinated mice, consistent with a secondary immune response (boost). Interestingly, DB1-QUAD-vaccinated mice experienced lower levels of pulmonary cytokines postchallenge than A2-line19F-vaccinated mice. This may have been because DB1-QUAD vaccination protected the mice against subsequent pulmonary inflammation postchallenge. Alternatively, the heterologous challenge strain (RSV 12-35) may not have boosted the immune response to DB1-QUAD to the same extent as it did to a homologous (A2-line19F) prime.
DB1-QUAD attenuation, efficacy, and immunogenicity in cotton rats. We then measured viral attenuation in S. hispidus cotton rats, an animal model that is more permissive to RSV infection than BALB/c mice. To do this, we infected groups of 5 cotton rats i.n. with 10 6 FFU of mKate2-labeled A2-line19F, DB1-QUAD, or DB1. On day 4 p.i., we sacrificed the animals and harvested the nasal turbinates and left lungs for titration. We found that DB1-QUAD was attenuated by 1.35 log 10 PFU in the nasal homogenates ( Fig. 7A ) and was undetectable in cotton rat lungs ( Fig. 7B ). Thus, incorporation of line19F residues did not significantly affect vaccine attenuation levels in the cotton rat model. We next assessed vaccine efficacy in cotton rats by measuring protection against RSV challenge. To do this, we again infected groups of 5 cotton rats i.n. with 10 6 FFU of mKate2-labeled A2-line19F, DB1-QUAD, DB1, or MEM (mock infection). We collected serum samples on days 0, 21, and 42 p.i. and challenged the animals with 10 6 FFU of A2-line19F on day 42 p.i. Four days later, we sacrificed the animals and harvested the nasal turbinates and left lungs for titration as described above. We found that A2-line19F, DB1, and DB1-QUAD vaccination completely protected cotton rats against A2-line19F challenge in both the upper and lower airways ( Fig. 7C and D) .
We subsequently pooled the serum samples for each group of animals at each time point and measured the breadth of immunogenicity by performing microneutralization assays for the RSV panel of 7 viruses as described above. Because there was only one replicate of pooled sera for each group of cotton rats at each time point, statistical comparisons could not be performed. However, we found that DB1-QUAD generated the highest nAb titers against the RSV B strains on the panel on days 21 and 42 p.i. (Fig. 8 ).
To analyze for vaccine-attributable enhanced disease following RSV challenge in cotton rats, we inoculated groups of 5 cotton rats i.n. with either MEM (mock infection), DB1, DB1-QUAD, or A2-line19F or intramuscularly (i.m.) with formalin-inactivated RSV (FI-RSV). Animals vaccinated with FI-RSV received an identical boost vaccination at day 21 p.i. We then challenged the animals with A2-line19F and harvested the lungs 6 days later for histopathologic scoring. Although our FI-RSV-vaccinated positive controls did not demonstrate as robust pulmonary histopathology as has been reported in previous analyses, we found that DB1 and DB1-QUAD had significantly lower histopathologic scores for interstitial pneumonitis and alveolitis than FI-RSV-vaccinated animals, with mean scores of less than 2 for all measured parameters ( Fig. 9 ).
DISCUSSION
We boosted the thermostability and immunogenicity of an RSV live-attenuated vaccine candidate by substituting 4 unique line19F residues into the BAF protein of DB1. The resultant vaccine candidate, DB1-QUAD, had increased thermostability at 4°C and had a significantly higher proportion of prefusion to total F expression than DB1. BALB/c mice vaccinated with DB1-QUAD also had significantly higher neutralizing antibody titers to a panel of RSV A and B strains on days 56 and 100 p.i. than DB1-vaccinated mice. Although DB1-QUAD was moderately deattenuated in BALB/c mouse lungs compared to DB1, it remained fully attenuated in cotton rats and in normal human bronchial epithelial cells, which better model attenuation levels in seronegative infants. Thus, incorporation of unique line19F residues into the vaccine strain DB1 conferred enhanced thermostability, incorporation of prefusion F, and immunogenicity without compromising attenuation in cotton rats or primary cells.
Achieving a balance of attenuation and immunogenicity in an RSV LAV has proven challenging. However, DB1-QUAD was attenuated, broadly immunogenic, and efficacious in two animal models. In BALB/c mice, DB1-QUAD was attenuated by 1.02 log 10 and 2.12 log 10 FFU in lung homogenates on days 4 and 6 p.i., respectively, compared to unattenuated A2-line19F. However, DB1-QUAD elicited significantly higher neutralizing antibody titers to 7 chimeric RSV strains on day 100 p.i. than DB1 and A2-line19F. DB1-QUAD was also completely efficacious in protecting mice against the RSV sub- group A challenge strain 12-35. In cotton rats, DB1-QUAD was 1.35 log 10 PFU attenuated in the upper airways, compared to unattenuated A2, and was completely undetectable in the lungs. Nevertheless, the vaccine generated broadly neutralizing antibodies to the panel of RSV A and B strains, with titers similar in magnitude to those generated by A2-line19F. DB1-QUAD completely protected cotton rats from A2-line19F challenge in both the upper and lower airways. Thus, DB1-QUAD achieved a balance of attenuation and immunogenicity in two animal models and was highly efficacious at protecting against RSV challenge.
The limitations of this study include its reliance upon the mouse and cotton rat models, which are only semipermissive to RSV infection and may not adequately predict human responses to infection. In terms of viral attenuation, for example, DB1-QUAD was 1.02 log 10 and 2.12 log 10 FFU attenuated in mouse lungs on days 4 and 6 p.i., respectively. In contrast, the vaccine was 1.35 log 10 PFU attenuated in cotton rat nares and was completely undetectable in cotton rat lungs. The vaccine was also approximately 1 log 10 FFU attenuated in NHBE cells, which better predict attenuation levels in seronegative infants. However, the base vaccine candidate, DB1, appeared to be more attenuated in NHBE cells in previously published results, which may have been a function of donor variability (26) . Nevertheless, it remains unclear if DB1-QUAD would be sufficiently attenuated in the target population of young infants. Indeed, previous studies showed that LAV candidates with high attenuation levels in animal models were insufficiently attenuated in human clinical trials (9, 31) . Similarly, although DB1-QUAD is highly immunogenic in the two animal models, future studies are needed to characterize the human immune responses to the vaccine.
Other remaining questions about DB1-QUAD include whether the thermostabilizing effects of the line19F mutations are sufficient for cold-chain production, distribution, and storage in a real-world setting. Although DB1-QUAD decreased in titer by only 1.38 log 10 units over a period of 28 days at 4°C, a more thermostable construct could certainly be advantageous. The relative contributions of viral deattenuation versus stabilization of pre-F in terms of the boost in vaccine immunogenicity observed in BALB/c mice are also unclear. In cotton rats, the line19F residues did not deattenuate the vaccine strain, and the boost in immunogenicity was not as pronounced as in mice. However, only one replicate of pooled sera from each group of 5 cotton rats was available for neutralizing antibody assays, so statistical comparisons could not be performed for the animals.
The optimal immunization strategy and target population for an RSV vaccine also remain matters of debate. Although the majority of RSV mortality occurs in infants aged 0 to 3 months, active vaccination of these infants may be problematic due to the immaturity of the immune system, the persistence of maternal antibodies, and the potential for enhanced disease following administration of nonreplicating vaccines. The target population for an RSV LAV such as DB1-QUAD would likely be older seronegative infants (Ͼ3 months of age). An efficacious LAV administered to this age group could directly prevent a substantial proportion of RSV morbidity and mortality with lower risk of enhanced disease. Perhaps more importantly, if herd immunity could be achieved (32) , such a vaccine could also protect the youngest infants from RSV exposure and subsequent morbidity and mortality. Indeed, epidemiologic studies have demonstrated that the most common sources of RSV exposure in young infants are household contacts with older infants and young children (33) . Recent mathematical modeling studies have demonstrated that prevention of RSV disease in these older infants could confer vast public health benefits in terms of herd protection and reduction of hospitalizations among young infants (32) , and because children are the most common sources of RSV in the elderly, this herd protection could likely confer benefits on older adults, as has been observed with other pediatric vaccines (34, 35) . Thus, an efficacious RSV LAV could provide vast public health benefits both from the direct prevention of RSV in vaccine recipients and from indirect herd protection of other vulnerable populations.
In conclusion, substituting line19F residues into the RSV LAV DB1 conferred enhanced thermostability, increased incorporation of prefusion F, and increased immunogenicity in BALB/c mice without altering fusion activity in vitro. The resultant vaccine candidate, DB1-QUAD, was attenuated in mice and cotton rats but was also broadly immunogenic and protective against RSV challenge. DB1-QUAD is a promising RSV vaccine candidate that merits further evaluation. The development and administration of a safe and efficacious RSV LAV to seronegative infants could provide an important public health benefit.
MATERIALS AND METHODS
Cell lines and primary cell cultures. HEp-2 and Vero cells were obtained from the ATCC and maintained in MEM with Earle's salts and L-glutamine (Gibco) supplemented with 10% fetal bovine serum (FBS) (HyClone) and 1 g/ml of penicillin, streptomycin sulfate, and amphotericin B solution (PSA) (Life Technologies, Grand Island, NY). BEAS-2B bronchial epithelial cells (a gift from Pierre Massion, Nashville, TN) were maintained in RPMI 1640 (Cellgro), and 293T cells (ATCC) were maintained in Dulbecco's modified Eagle's medium (DMEM) (Gibco), both supplemented with 10% FBS and 1 g/ml PSA. BSR T7/5 cells (a gift from Ursula Buchholz, National Institutes of Health, Bethesda, MD) were maintained in Glasgow's minimum essential medium (GMEM) (Gibco) supplemented with 10% FBS and 1 g/ml PSA and, every other passage, with Geneticin at 1 mg/ml as previously described (36) .
Freshly isolated passage 0 (P0) NHBE cells from otherwise healthy donors were isolated by the Experimental Models Support Core at Emory University using ex vivo tissues from deceased individuals donated for transplant and research purposes. Donor NHBE cells were isolated within 36 h of tissue donation via protease digestion and seeded onto human type IV placental-collagen-coated 6.5-mm Costar Transwells (Corning; 3470) at a density of 150,000 cells/filter in bilateral Emory-ALI medium. Emory-ALI differentiation medium consists of an equal mixture of low-glucose DMEM and LHC basal medium supplemented with pyruvate, L-glutamine, insulin, human epidermal growth factor, hydrocortisone, bovine pituitary extract, triiodothyronine, human holotransferrin, epinephrine, O-phosphorylethanolamine, ethanolamine, retinoic acid, human serum albumin, heparin, calcium, trace elements, voriconazole (an antifungal), and Primocin (a broadspectrum antibiotic mixture). After 48 h of attachment and growth in Emory-ALI differentiation medium, unattached cells and spent medium were aspirated and replaced with fresh Emory-ALI differentiation medium for an additional 48 h. Subsequently, ALI differentiation was initiated via the removal of the apical medium, while only the basolateral medium was replaced with fresh Emory-ALI differentiation medium. The cells were fed Emory-ALI medium every other day (Monday, Wednesday, and Friday) for at least 2 weeks at the ALI to allow differentiation of the monolayer into a pseudostratified mucociliary culture, as determined by a rise in transepithelial resistance (TER) via the formation of tight junctions, exclusion of bulk liquid from the apical space, and the presence of ciliated and Muc5ac-producing cells by immunofluorescence imaging. Experimentation was performed between weeks 2 and 4 of ALI culture.
Cloning and rescue of DB1-QUAD. The cloning and rescue of RSV recombinant viruses kRSV-A2 (where k denotes the far-red-fluorescent protein mKate2 in the first gene position), kRSV-A2-line19F, and kRSV-DB1 (kRSV-dNS-ΔSH-BAF) and the panel of mKate2-labeled RSV strains containing clinical F and G genes from viruses RSVA/human/USA/A1998-12-21 (JX069802), A/2001/2-20 (JF279545 and JF279544), Riyadh 91/2009 (JF714706 and JF714710), NH1276 (JQ680988 and JQ736678), 9320 (AY353550), and TX11-56 (JQ680989 and JQ736679) within an A2 backbone have all been previously described (26) . Codon deoptimization of nonstructural protein genes in kRSV-DB1 was performed according to human codon usage bias. Codon usage bias in mice (Mus musculus) is similar to that in humans (37) , and the least used codons for each amino acid are identical between the two species (38) .
To generate the live-attenuated vaccine strain DB1-QUAD, we first performed sequential site-directed mutagenesis to substitute residues I79M, K191R, T357K, and N371Y from the thermostable line19F strain into the BAF protein encoded by a cDNA expression vector (pcDNA3.1 ϩ ; Life Technologies, Carlsbad, CA). We cloned this modified BAF gene, denoted BAF-I79M/K191R/T357K/N371Y, into the antigenomic BAC vector pSynk-DB1 (pSynkRSV-A2-dNS-ΔSH-BAF) to generate the quadruple mutant pSynkRSV-A2-dNS-ΔSH-BAF-I79M/K191R/T357K/N371Y, denoted pSynk-DB1-QUAD. To rescue this virus, we cotransfected the antigenomic BAC with four human codon-optimized helper plasmids that expressed RSV N, P, M2-1, or L protein into BSR T7/5 cells as previously described (39) . Master and working stocks of kRSV-DB1-QUAD were propagated and harvested in Vero cells (40) .
In vitro growth analyses. Subconfluent Vero and BEAS-2B cells were infected in duplicate or triplicate at a multiplicity of infection (MOI) of 0.01 FFU/cell with mKate2-labeled A2-line19F, DB1, or DB1-QUAD in 6-well plates using 500 l inoculum per well and rocking for 1 h at room temperature. Full medium was then added to each well, and the plates were incubated at 37°C in 5% CO 2 . At time points 0, 12, 24, 36, 48, 72, and 96 h p.i., the wells were harvested by scraping the cells into the medium, and samples were snap-frozen in liquid nitrogen until titration by FFU assay as described previously (26) .
Differentiated NHBE cells from a single donor were infected in duplicate at an MOI of 2 FFU/cell with mKate2-labeled viruses A2, DB1, and DB1-QUAD by applying 150 l inoculum to each insert and incubating at 37°C for 2 h following a phosphate-buffered saline (PBS) wash. The inoculum was then removed with a single apical PBS wash. To collect virus at specified time points, 150 l full differentiation medium was added to each apical chamber and incubated for 10 min at 37°C. This step was repeated once for each well (300 l total), and the apical supernatant was snap-frozen in liquid nitrogen and stored at Ϫ80°C until subsequent analysis was performed as described previously (41) .
Thermostability assays. To analyze thermostability, working stocks of mKate2-labeled A2, A2-line19F, DB1, and DB1-QUAD were thawed for 15 min to room temperature, pooled in 15-ml conical tubes, and diluted in MEM to yield starting titers of 10 6 FFU/ml. Samples were then incubated in water baths at 4°C. At specified time points, 180 l was removed from each tube, snap-frozen in liquid nitrogen, and stored at Ϫ80°C until subsequent analysis was performed. Samples were then thawed for 15 min to room temperature and titrated in duplicate by FFU assay as described previously (27) . Four experimental replicates were performed for time points 0 to 14 days. Two experimental replicates were continued until 28 days.
Pre-F antigen ELISAs. Pre-F antigen and motavizumab ELISAs were performed as previously described (27) . Briefly, virus stocks of mKate2-labeled A2-line19F, DB1, and DB1-QUAD were diluted in MEM, applied to 96-well Costar assay plates, high binding (Corning), and incubated at room temperature overnight for coating. The next day, the plates were washed with 150 l per well of PBS-Tween (PBST) (0.05% Tween 20 in PBS) and blocked with 150 l per well of 5% bovine serum albumin (BSA) in PBST at room temperature for 2 h. Primary antibodies MPE-8 (pre-F specific) and motavizumab (pre-and post-F specific) were then serially diluted in 1% BSA in PBST to yield dilutions ranging from 1:10,000 to 1:320,000. Following blocking and PBST washing, dilutions of the primary antibodies were applied to plates and incubated at room temperature for 2 h. The plates were washed three times with PBST, and the secondary antibody, anti-human-horseradish peroxidase (HRP) diluted 1:10,000 in 1% BSA, was then applied and incubated at room temperature for 2 h. The plates were again washed three times with PBST, and 100 l of a premixed reactive substrate reagent mixture (R&D Systems) was applied to catalyze a colorimetric reaction. The reaction was quenched with 0.2 N sulfuric acid, and the plates were read at 450 nm on an ELISA plate reader. Background absorbance was subtracted from the sample absorbance readings and plotted to a curve. The ratio of the area under the curve for MPE-8 to the area under the curve for motavizumab was calculated to determine the ratio of prefusion to total F protein expression.
DSP assays. A dual split protein (DSP) cell-to-cell fusion activity assay was performed to quantify the fusion activity of RSV F proteins as previously described (26, 30, 36, 42) . First, mammalian codonoptimized sequences of line19F, BAF, and BAF-I79M/K191R/T357K/N371Y were obtained from GeneArt and cloned into pcDNA3.1 ϩ . Subsequently, 293T cells at 90% confluence in 6-well plates were transfected with 500 fmol of DSP 8 -11 or cotransfected with DSP 1-7 and an F expression plasmid using 10 l Lipofectamine 2000 (ThermoFisher Scientific, Waltham, MA) in 500 l Opti-MEM (ThermoFisher Scientific, Waltham, MA). The plates were rocked at room temperature for 1 h, followed by the addition of 500 l of Opti-MEM and BMS-433771 fusion inhibitor (provided by Jin Hong, Alios Biopharma, San Francisco, CA) at a concentration of 600 nM (43) . The plates were incubated at 37°C overnight. Sixteen hours posttransfection, cells were harvested in 1 ml medium supplemented with a 1:1,000 dilution of EnduRen live-cell luciferase substrate (Promega, Madison, WI). Target and effector cells were mixed at a 1:1 ratio and seeded into 96-well opaque plates at a density of 4 ϫ 10 4 cells per 100 l per well. The cells were then maintained at 37°C, and luciferase activity was measured at time points 0, 2, 4, 6, and 8 h postmixing using a TopCount NXT microplate scintillation and luminescence counter (PerkinElmer, Waltham, MA).
To ensure that F protein surface expression levels were consistent among transfected wells, cells were transfected as described above and harvested at 16 h posttransfection into PBS, transferred to fluorescence-activated cell sorter (FACS) tubes, and washed in PBS containing 2% FBS and 0.1% sodium azide. The cells were stained using the RSV F-specific monoclonal antibody palivizumab and a phycoerythrin (PE)-conjugated anti-human secondary antibody (Southern Biotech, Birmingham, AL). Flow cytometric analysis was performed using a Becton Dickinson LSRII flow cytometer, and data were analyzed using FlowJo software (Tree Star Inc., Ashland, OR) as previously described (30) .
Animals. Six-to 8-week-old female BALB/c mice obtained from the Jackson Laboratory (Bar Harbor, ME) were housed under pathogen-free conditions until the time of use. Experiments were performed according to the rules and regulations set forth by the Emory University Institutional Animal Care and Use Committee (IACUC).
Six-to 8-week-old female S. hispidus cotton rats were obtained from the inbred colony maintained at Sigmovir Biosystems, Inc. (SBI) (Rockville, MD). All experiments with cotton rats were performed using protocols that followed federal guidelines and were in accordance with the guidance of the SBI IACUC. Cotton rats were individually housed in polycarbonate cages and provided with standard rodent chow and tap water ad libitum. Viral attenuation, immunogenicity, efficacy, and pulmonary cytokines in BALB/c mice. To quantify viral attenuation, BALB/c mice (5 per group) were anesthetized intraperitoneally with ketamine-xylazine and infected intranasally with 10 6 FFU of either kA2-line19F, kDB1, or kDB1-QUAD in 100 l serum-free MEM. On days 2, 4, 6, and 8 p.i., groups of 5 mice were weighed and sacrificed, and the left lungs were harvested and homogenized for FFU titration. Titers below the assay's limit of detection were assigned values equal to half the limit of detection, as previously described (26, 27, 36, 40, 41) , because their true values were unknown. No significant changes in weight were observed in any of the groups compared to preinfection weight.
To measure immunogenicity, mice (5 per group) were anesthetized intraperitoneally with ketaminexylazine and infected intranasally with either MEM or 10 6 FFU of kA2-line19F, kDB1, or kDB1-QUAD in 100 l of serum-free MEM. On days 0, 28, 56, and 100 p.i., sera were collected by submandibular bleeding. Serum samples were pooled for each group of mice and heat inactivated for 30 min at 56°C. Microneutralization assays against a panel of chimeric RSV strains with clinical F and G proteins in an A2 backbone with mKate2 in the first gene position were performed by measuring FFU reduction as previously described (26, 41) . Two experimental replicates consisting of 5 mice per group were performed.
To determine vaccine efficacy, the same mice were challenged on day 96 p.i. with RSV subgroup A clinical strain 12-35 (40, 41) . This delayed time point for challenge was chosen to assess the durability of protection conferred by vaccination, as previously described (26, 27, 41) . Four days later, the mice were sacrificed and the left lungs were harvested and homogenized for viral titration by standard immunodetection plaque assays on HEp-2 cells (40) . Homogenized lung specimens were stored at Ϫ80°C until they were used for pulmonary cytokine analysis.
To measure pulmonary cytokines postvaccination, lung homogenates from mice infected with 10 6 FFU kDB1-QUAD or kA2-line19F on days 2, 4, 6, and 8 p.i. were obtained as described above. Similarly, to measure pulmonary cytokines postchallenge, lung homogenates from mice infected with MEM (mock infection), 10 6 FFU kDB1-QUAD, or 10 6 FFU kA2-line19F and subsequently challenged with 10 6 FFU RSV 12-35 on day 96 p.i. were obtained as described above 4 days postchallenge. The cell-free supernatants of centrifuged lung homogenates were analyzed using a mouse cytokine magnetic 20-plex panel kit (Invitrogen, Frederick, MD) and the Luminex 100/200 system. The concentration of each analyte was determined by comparison to a standard curve according to the manufacturer's instructions. Concentrations (picograms per milliliter) were normalized to the weight of homogenized lung (range, 70.6 to 125.6 g).
Viral attenuation, immunogenicity, efficacy, and histopathology in cotton rats. To measure viral attenuation in cotton rats, animals (5 per group) were lightly anesthetized with isoflurane and inoculated intranasally with 10 6 FFU of either kA2-line19F, kDB1, or kDB1-QUAD in 100 l serum-free MEM. The cotton rats were euthanized using CO 2 on day 4 p.i., and the nasal turbinates and left lungs were harvested for homogenization in 3 ml of Hanks' balanced salt solution (HBSS) supplemented with 10% sucrose-phosphate-glutamate (SPG). Lung and nasal homogenates were clarified by centrifugation and diluted in Eagle's minimal essential medium (EMEM). For titration, confluent HEp-2 monolayers were infected in duplicate with diluted homogenates in 24-well plates. The plates were incubated at 37°C for 1 h and overlaid with 0.75% methylcellulose. Four days later, the overlay was removed and the cells were fixed in 0.1% crystal violet stain for 1 h, rinsed, and air dried. Plaques were counted, and the virus titer was expressed as PFU per gram of tissue (26, 44) . Titers below the limit of detection were assigned values equal to half the limit of detection.
To assess immunogenicity, cotton rats (5 per group) were lightly anesthetized with isoflurane and infected intranasally with either MEM, or 10 6 FFU of kA2-line19F, kDB1, or kDB1-QUAD. Sera were collected by retroorbital bleeding for animals on days 0, 21, and 42 p.i. and pooled for each group. Microneutralization assays against the panel of chimeric RSV strains were performed as described above. To assess vaccine efficacy, the same cotton rats were challenged on day 42 p.i. with kA2-line19F as previously described (26, 27) . Four days later, the animals were euthanized, and the nasal turbinates and left lungs were harvested, homogenized, and titrated by plaque assay as described above.
We evaluated for enhanced lung histopathology attributable to vaccination following RSV challenge in cotton rats as previously described (26, 45) . Briefly, we vaccinated groups of 5 cotton rats intranasally with 10 5 FFU of either A2-line19F, DB1, DB1-QUAD, or MEM (mock infection) or we intramuscularly injected 100 l FI-RSV (lot 100; 1:100). On day 21 postvaccination, we administered an identical boost to the FI-RSV-vaccinated animals. On day 42 postvaccination, we challenged the animals with 10 6 FFU of RSV strain A2-line19F, and we harvested the lungs 4 days later. The lungs were inflated intratracheally with 10% neutral buffered formalin, embedded in paraffin, cut into 4-m sections, and stained with hematoxylin and eosin. Blinded histopathologic scoring was performed for four parameters (peribronchiolitis, perivasculitis, interstitial pneumonitis, and alveolitis), with a maximum value of 4 and a minimum of 0.
Statistical analyses. Statistical analyses were performed using GraphPad (San Diego, CA) Prism software, version 6.0 or 7.0. The data represent means Ϯ standard deviations (SD) or standard errors of the mean (SEM), as indicated. Statistical comparisons were performed using Student's t test, one-way analysis of variance (ANOVA), or two-way ANOVA with Tukey's post hoc multiple-comparison tests as indicated. P values of Յ0.05 were considered significant.
